OBJECTIVES: This study aimed to re-examine the conventional predictive factors for dissected aortic enlargement, such as the aortic and false lumen diameter and to consider whether the morphological elements of the dissected aorta could be predictors by quantifying the 'shape' of the true lumen based on elliptic Fourier analysis.
INTRODUCTION
According to the international guidelines, uncomplicated type B aortic dissection should receive optimal medical treatment. However, despite adequate antihypertensive therapy, these patients may develop a significant aortic enlargement that necessitates surgical intervention [1] [2] [3] [4] [5] . Therefore, early and reliable predictors are needed to identify patients at risk of aortic enlargement at a chronic stage who will benefit in the long-term from prophylactic intervention. Several predictors based on initial computerized tomography (CT) scan views, such as the maximum aortic and false lumen diameters, presence of blood flow in the false lumen and number of entry tears, have been reported [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In this study, we focused on the 'shape' of the true lumen which was demonstrated in various forms in each CT scan view possibly as a reflection of the haemodynamic pressure inside it. We analysed the shape of the true lumen using 'elliptic Fourier analysis (EFA)', which can quantify and standardize the shape itself [16] [17] [18] , and investigated whether the morphologically analysed data could be predictive factors of late aortic enlargement. Furthermore, we reexamined the significance of the maximum aortic and false lumen diameters, which are widely used in medical practice, by focusing on patients with uncomplicated and patent false lumen.
MATERIALS AND METHODS

Patients
We analysed retrospectively the CT scan data of patients with uncomplicated type B aortic dissection admitted at 5 referral centres between December 2006 and December 2015. The inclusion criteria were as follows: (i) without complications (organ ischaemia, rupture) at the acute stage, (ii) patent false lumen, (iii) maximum diameter of the dissected aorta of <55 mm on initial measurement, (iv) follow-up non-operatively for >6 months and (v) with enhanced CT imaging obtained within 3 days from onset of dissection. We aimed to focus on patients with non-surgical indication and patent false lumen, which is a high risk factor of enlargement, and to detect the predictors of aortic growth in the chronic phase based on the initial CT scan views. All patients were treated with antihypertensive agents in accordance with the current guidelines. After discharge, patients were followed up at regular intervals, and CT scan was performed every 3-12 months (mean: 6.0 months) depending on the aortic diameter and progression of aortic disease.
Study design
We calculated the freedom from aortic enlargement at the chronic phase in all cases using the Kaplan-Meier curve ( Fig. 1) and divided all cases into the Enlargement group and No Change group based on the following criteria: (i) maximum diameter of the dissected aorta of > _55 mm, (ii) rapid enlargement of the dissected aorta at > _10 mm/6 months and (iii) aorta-related adverse events (rupture, and so on). To determine the predictors of dissected aortic enlargement, each variable was statistically compared between the 2 groups. The cut-off points of the variables that showed statistical significance was calculated by the receiver operating characteristic (ROC) curve for aortic enlargement, and the patients were divided into 2 groups with this cut-off value. Freedom from aortic enlargement at the chronic phase of the 2 groups represented by Kaplan-Meier curves was compared using log-rank test in each variable. Finally, univariate and multivariate Cox proportional hazards models were used to indicate the significant predictor of aortic enlargement.
Computerized tomography examination
The initial and follow-up CT studies were performed with nonenhanced and enhanced CT scans in all patients (Aquilion 64, TSX-101 A or Aquilion ONE, TSX-301 A or Aquilion PRIME, TSX303A, Toshiba, Tokyo, Japan). The CT scans were performed with a variety of scanners that obtained axial images with continuous 2.5-5.0 mmthick sections from the top of the aortic arch to the iliac bifurcation. Enhanced CT was performed with a bolus injection of 100 ml nonionic contrast material, and scanning began at 20-30 s and 100-120 s (2 phases) after the start of injection of the contrast material. The acquired CT scan data sets were transferred to a workstation (Ziostation or Ziostation2, Ziosoft, Tokyo, Japan) for analysis.
Image analysis
All CT scan images were evaluated and assessed based on the consensus between 2 investigators. We defined a patent false lumen as one that was enhanced at either an early or a delayed phase. Maximum aortic and false lumen diameters were measured at the level of the slice that showed the largest diameter of the dissected aorta in axial, sagittal or coronal CT scan view. The initial and follow-up CT studies were used to calculate changes in the aortic size at the same level. When a different slice showed the maximum aortic diameter in the follow-up CT scan, the size and change were measured at this level.
Elliptic Fourier analysis
For quantitative evaluation of the patterns of the shape of the true lumen of the dissected aorta, we performed EFA of the CT images. Procedures were the following ( Fig. 2 ): (i) The outline of the shape to be analysed was extracted and transformed to the closed contour. This contour was reflected at the x and y coordinates and converted to periodic function by putting the point around the edge of the contour in the constant period and plotting the change in x and y coordinates of the point. (ii) Fourier series expansion was performed for this periodic function to calculate the coefficient of Fourier descriptors. The obtained coefficients of Fourier descriptors (a n , b n , c n and d n ) were further standardized to be invariant under a change in size and direction of a contour. With regard to the harmonic number n, the larger the maximum value of n becomes, the better the descriptive power of the shape. In this analysis, the value of n was set at 20 (n = 20). (iii) The normalized coefficients could not be used directly as shape characteristics because the number of coefficients was generally very large and the morphological meaning of each coefficient was difficult to interpret separately. Therefore, we performed principal component analysis (PCA) to summarize the information of the variations contained in the coefficients. The PCA was performed based on the variance-covariance matrix of the coefficients. (iv) The principal components (PCs) to interpret each morphological meaning are shown in Fig. 3 . The coefficients of the Fourier descriptors were calculated, wherein the score for a particular PC should be equal to the mean ± 2SD, i.e. the square root of the eigenvalue of the component and the scores of the remaining components should be zero. Then, the contour shape on each condition could be reconstructed from the calculated coefficients by the inverse Fourier transformation. This visualization could be helpful for giving the morphological meaning of the variation evaluated by each principal component. The method of EFA was used in accordance with the procedures suggested by Kuhl and Giardina and calculated with the Shape software [16] [17] [18] .
We performed this analysis of the shapes of the true lumen derived from the initial CT image. We selected the CT images systematically for EFA from the slices at 4 levels as follows: 30 mm distal from the origin of the left subclavian artery, 50 mm distal from the left subclavian artery, 100 mm distal from the left subclavian artery and the diaphragm. CT images at these 4 levels were transferred to the workstation (Ziostation2), and contrast was controlled and emphasized to extract the shape of the true lumen. The CT images that could not be extracted because of absent dissection, unclear intimal flap, large entry tear or uneven contrast effect were excluded from the analysis. A total of 291 shapes of the true lumen were obtained. These obtained shapes of the true lumen were transferred to a binary image and analysed based on EFA using the 'Shape' software [18] . All analyses were performed and assessed based on the consensus between 2 investigators.
We interpreted the morphological meaning of PC from each visualization ( Fig. 3A) and judged that the shape of the true lumen showing the highest PC1 in each case is the most morphologically changing shape. We selected the most changing shape from each case and performed EFA for these shapes again (Fig. 3B) . A total of 80 shapes of the true lumen was analysed. We performed each statistical analysis for the calculated data in this second EFA.
Statistical analysis
Statistical analysis was performed using the t-test and MannWhitney U-test for continuous variables and the v 2 and Fisher's exact test for categorical variables. The cut-off value that showed the maximum sum of sensitivity and specificity in the ROC curve was selected. Freedom from aortic enlargement was computed by the method of Kaplan-Meier and compared using log-rank test. The Cox proportional hazard model was used to identify predominant predictors of aortic enlargement. All results were expressed as mean ± standard deviation. Statistical significance was set at P < 0.05 (2-sided). All data analyses were performed using the statistical program R version 3. 
RESULTS
We analysed a total of 80 patients with type B aortic dissection using the definition criteria. The mean follow-up period was 20.7 ± 22.9 months (range 6-90 months). Four patients died during the follow-up period due to rupture of the aorta in 2, uraemia in 1 and sepsis in another. Kaplan-Meier curve representing freedom from aortic enlargement at the chronic phase is shown in Fig. 1 . The values of freedom from aortic enlargement at 1, 2 and 3 years after the onset were 76, 63 and 55%, respectively. We divided the 80 patients into 2 groups, namely the Enlargement group and No Change group, according to the definition criteria of aortic enlargement. There were 23 patients in the Enlargement group and 57 patients in the No Change group. Of the 23 patients in the Enlargement group, the following criteria were met: 14 patients developed an aortic enlargement of > _55 mm at the chronic phase, 8 patients had aortic enlargement of > _10 mm/ 6 months and 1 patient had rupture of the dissected aorta. Their mean follow-up period from the onset of dissection to the definition of enlargement was 12 ± 12 months (range 3-36 months).
In the first EFA, a total of 291 shapes of the true lumen derived from the CT images were analysed. The shape of the true lumen showing the highest PC1 value in the first analysis of the images in each case was selected for the second EFA.
Patient characteristics, including mean systolic blood pressure (mBP) during follow-up, initial maximum aortic and false lumen diameters and PC values are provided in Table 1 . There were no significant differences in the age, sex, medical history, mBP and the number of patients with mBP > _130 mmHg. The Enlargement group had a significantly higher initial maximum aortic and false lumen diameters than the No Change group (39.3 vs 35.9 mm; P = 0.0058; 23.5 vs 18.2 mm; P = 0.000095). The PC1 value was significantly lower in the Enlargement group than in the No Change group (-0.072 vs 0.021; P = 0.000049). There were no significant differences between the 2 groups in PC2 and PC3 values.
The ROC curve analysis was performed to assess the diagnostic accuracy of PC1, aortic diameter and false lumen diameter and to detect the cut-off point for prediction of dissected aortic enlargement at the chronic phase. Data of each ROC curve are shown ( Table 2 , Fig. 4 ).
All 80 cases were divided into 2 groups with the cut-off point calculated by the ROC curve of each variable. Freedom from aortic enlargement at the chronic phase of groups with more than and less than the cut-off point was computed by the method of Kaplan-Meier and compared using log-rank test (Fig. 5) . In all the variables, there were significant differences between the 2 groups divided by each cut-off point (P = 0.00088, 0.039, 0.004).
Odds ratio for dissected aortic enlargement at the chronic phase of each variable was calculated by the univariate and multivariate Cox proportional hazards models. The mBP during the follow-up did not show a significant difference between the Enlargement and No Change groups. However, blood pressure is considered an important factor for late aortic enlargement; thus, we also included this factor for univariate and multivariate analyses. The mBP was converted to categorical variable when > _130 mmHg and then introduced into the analysis.
In univariate analysis, the aortic and false lumen diameters and PC1 were significant predictors of dissected aortic enlargement (P = 0.0026, 0.041, 0.0071). The mBP > _130 mmHg did not show any significance (P = 0.69). Multivariate analysis showed that PC1 of more than -0.025 was the independent significant predictive factor for dissected aortic enlargement (P = 0.048) ( Table 3) .
DISCUSSION
Several predictors of dissected aortic enlargement during the chronic phase of uncomplicated type B aortic dissection have been reported in past studies, in order to perform effective surgical intervention [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 19] . Recently, the INSTEAD with extended length of follow-up (INSTEAD-XL) has shown that thoracic endovascular aortic repair for uncomplicated type B aortic dissection at an early stage was beneficial in terms of late outcomes [4] . Therefore, for the identification of a subset of patients prone to aortic growth who can benefit from surgical and endovascular intervention at the early stage, it is necessary to detect the correct predictors.
The first aim of this study was to focus on the shape of the true lumen of the dissected aorta and then to investigate whether this morphological factor could be a predictor of dissected aortic enlargement by accurate analysis and evaluation. The shape of the true lumen shows various forms depending on the cases of aortic dissection because it probably reflects the haemodynamic pressure in the lumen. In order to use the morphological factor of the dissected aorta as the predictor, we thought that quantitative evaluation of the shape itself is needed. Therefore, we performed the method of analysis of the morphological characteristics, 'EFA', for the shape of the true lumen.
EFA has been used in geometric morphometrics to evaluate various organ shapes in animals [16] [17] [18] . A major advantage of this analysis is that it can calculate the various shape forms, which are difficult to compare statistically, and the calculated scores can be evaluated by reconstructed visualization. The visual impression of the shape of the true lumen can then be quantified as the predictor of dissected aortic enlargement. In the last result of the EFA, PC1 is significantly lower in the Enlargement group than in the No Change group. We can interpret from the visualization reconstructed by inverse analysis that the true lumen showing the dent shape is a high risk for aortic enlargement because the low value of PC1 shows that shape. This configuration of the true lumen may be the result of compression by a higher haemodynamic pressure in the false lumen compared with the true lumen. A high pressure in the false lumen is associated with aortic expansion because of direct haemodynamic stress for structural weakening of the aortic wall. PC1 indirectly reflects the haemodynamic pressure in the lumen, and for this reason, it is considered to be a significant predictor of aortic enlargement. The significance of our study is that we converted the shape itself, which is difficult for a consensus evaluation, into a versatile clinical test item by calculating the cut-off value of PC1.
The second aim of this study was to re-evaluate the initial maximum aortic and false lumen diameters, which are being used broadly in the current clinical practice as the predictors of aortic enlargement. In the result of the statistical analysis of the aortic diameter and false lumen diameter, the cut-off values of 38 and 22 mm, respectively, as the predictors of aortic enlargement were calculated. If the initial diameter is larger than this cut-off value, the risk of aortic enlargement during the chronic phase becomes significantly higher. As described in the past study, because the wall stress and tension increase in direct proportion to the internal diameter, the enlarged aortic and false lumen diameters are associated with aortic enlargement [6, [10] [11] [12] 15] . In the present study, patients have larger numbers compared with those in the past study, who were subdivided to patients with patent false lumen only. Hence, the analysed data, such as the cut-off value, AUC and odds ratio, are considered to be more effective for the current clinical practice.
From the result of the multivariate Cox proportional hazard model, PC1, which is the accumulated information on morphological elements, is revealed to be the more significant predictor of dissected aortic enlargement during the chronic phase than the initial aortic and false lumen maximum diameters. However, both generalization and versatility are required for the predictor. PC1 is much more inferior to the aortic and false lumen diameters that can be measured simply from the initial CT image, whereas PC1 must be calculated by the complex analytic method of EFA. In addition, interpretation of the results of EFA requires a specialized understanding of PCA. For example, the results of the visualization of the first and second analyses are obviously contrasting (Fig. 3A and B) . In the first analysis, a higher PC1 value showed the dent shape, whereas, in the second analysis, the dent shape was illustrated by a lower PC1 value. This is because the results of PCA indicate the summary of characteristics of the objects analysed and are relatively varied depending on the objects. Different objects included in the first and second analyses led to different interpretations of the results of the PC. For this reason, using PC as the clinical test item requires a specialized understanding, and it is still considered difficult to generalize at present. Since the significance of PC1 is indicated, it will be a future problem to improve its generality and versatility.
In the present study, the factors related to the entry tears, namely the size, number and location, were not analysed; however, the same factors have a strong relation with the blood flow and haemodynamic pressure in the false lumen. For example, in a case showing primary entry tear but no re-entry tear, there is no blood flow outlet in the false lumen, and it is expected to lead to the high haemodynamic blood pressure in the false lumen and late aortic enlargement. We concluded in our study that 'the dent shape of the true lumen' could be the predictor of aortic enlargement. This 'dent shape' may be the result of the high haemodynamic pressure due to the low number of entry and reentry tears. Thus, the result of this morphological analysis based on EFA seems to be closely related to the state of the entry tear.
The present study did not focus on the case of malperfusion. However, the most common cause of complications including organ ischaemia is compression of the true lumen by the high haemodynamic pressure in the false lumen. Thus, a case of malperfusion is highly likely to have a significant PC1 value. The further research for the entry and also a case of malperfusion based on EFA is required.
Limitations
This study has limitations because it is a multicentre and retrospective study. CT scanning system varies depending on the institution and time. Differences between each patient in the extraction of the shape of the true lumen from CT scan images are inevitable. Moreover, in the systematic selection of CT images on the 4-slice level, there may be a case that the image with the most morphologically changing shape is not selected because this CT image slice does not correspond to the 4-slice level. In other words, despite the CT image showing the true lumen with the shape at high risk of aortic enlargement, its analysed data do not indicate the value of prediction for aortic enlargement. This selection method is effective in terms of eliminating the selection bias, but accurate selection of the CT image is the problem. Improvement in the quality of analysed data by refining the method of analysis and prospective data accumulation for elimination of data bias is required.
CONCLUSIONS
In the results of the investigation of 80 cases of uncomplicated type B aortic dissection with patent false lumen, a case with the initial maximum aortic diameter of > _38 mm or maximum false lumen diameter of > _22 mm has a high risk of aortic enlargement during the chronic phase. PC1 that represents the shape characteristics of the true lumen is revealed to be the significant predictor for dissected aortic enlargement than aortic and false lumen diameter; therefore, the possibility that the morphological elements are more effective than traditional predictors has been suggested.
